Objective: To investigate the effect of black and green tea consumption, with and without milk, on the plasma antioxidant activity in humans. Design: In a complete cross-over design, 21 healthy volunteers (10 male, 11 female) received a single dose of black tea, green tea (2 g tea solids in 300 ml water) or water with or without milk. Blood samples were obtained at baseline and at several time points up to 2 h post-tea drinking. Plasma was analysed for total catechins and antioxidant activity, using the ferric reducing ability of plasma (FRAP) assay. Results: Consumption of black tea resulted in a signi®cant increase in plasma antioxidant activity reaching maximal levels at about 60 min. A larger increase was observed after consumption of green tea. As anticipated from the higher catechin concentration in green tea, the rise in plasma total catechins was signi®cantly higher after consumption of green tea when compared to black tea. Addition of milk to black or green tea did not affect the observed increases in plasma antioxidant activity. Conclusions: Consumption of a single dose of black or green tea induces a signi®cant rise in plasma antioxidant activity in vivo. Addition of milk to tea does not abolish this increase. Whether the observed increases in plasma antioxidant activity after a single dose of tea prevent in vivo oxidative damage remains to be established.
Introduction
Tea is, after water, the second most frequently consumed beverage in the world. Black tea is consumed in Western countries, while consumption of green tea is con®ned mainly to Asia and the Middle East. In many countries, tea is a major contributor to the daily intake of¯avonoids, a group of polyphenolic substances of plant origin (Hertog et al, 1993; Rimm et al, 1995) . Both black and green tea originate from the Camellia sinensis and are rich sources of avonoids, although their compositions are different. Green tea contains mainly catechins, which are partly converted to thearubigins and thea¯avins as a result of the extra enzymatic oxidation step in the processing of black tea (Hollman et al, 1997) .
Most epidemiological evidence indicates that consumption of¯avonoids from black tea is associated with a lower mortality of coronary heart disease (Stensvold et al, 1992; Hertog et al, 1993 Hertog et al, , 1997a or stroke incidence (Keli et al, 1995) . Tea¯avonoids (such as catechins, thea¯avins and thearubigins) seem to be powerful antioxidants, which may explain this protective effect of tea against cardiovascular disease. In vitro studies have demonstrated that green and black tea infusions indeed possess considerable antioxidant activity (Yen & Chen, 1995; Robinson et al, 1997; Gardner et al, 1998) . Tea polyphenols may prevent development of atherosclerosis by protecting low density lipoproteins (LDL) against oxidation (Diaz et al, 1997) as shown in vitro (Luo et al, 1997; Van het Hof et al, 1997) .
Experimental evidence to support an antioxidant effect of tea¯avonoids in vivo, particularly in humans is limited and inconsistent. The effects of tea on plasma antioxidant activity have been assessed after long-term tea consumption ( Van het Hof et al, 1997) and after a single dose of tea (Maxwell & Thorpe, 1996; Sera®ni et al, 1996) . A longterm study demonstrated a small increase of plasma antioxidant activity after 4 weeks consumption of green tea, but not after drinking black tea (Van het Hof et al, 1997) . In a single dose experiment, no effect of a single consumption of black tea on plasma antioxidant activity was found (Maxwell & Thorpe, 1996) . To date only one study has been published that was able to demonstrate a substantial increase in plasma antioxidant activity after a single dose of black or green tea consumption (Sera®ni et al, 1996) . This study also showed that addition of milk to black tea abolished the increase of plasma antioxidant activity observed following tea consumption without milk.
The effect of adding milk to black tea, as is common practice in the United Kingdom, has been the subject of much debate. In a Welsh population (United Kingdom) the consumption of tea was not associated with a lower mortality of ischaemic heart disease (Hertog et al, 1997b) . Among heavy tea drinkers tea drinking was even related to an increased risk of death from ischaemic heart disease. Hertog et al (1997b) suggested that addition of milk to tea could be an explanation for this increased risk due to the¯avonoid binding capacity of milk proteins resulting in a reduced absorption of¯avonoids from the gastrointestinal tract. This is, however, not consistent with recent ®ndings that adding milk to black tea had no effect on the plasma concentration of catechins (Van het Hof et al, 1998) .
In order to strengthen the limited existing evidence, the present study in humans was set up to determine the effect of a single dose of black or green tea with or without milk on plasma antioxidant activity measured as the ferric reducing ability of plasma (FRAP).
Materials and methods

Subjects
Participants were recruited from the local population by means of advertisements in local newspapers. Twenty-four subjects (12 men, 12 women) were selected on the basis of their age (between 18 and 70 y) and smoking behaviour (non-smokers). Subjects did not use any medicines, a medically prescribed diet, weight-loss regime or supplements containing vitamin C, vitamin E, carotenoids, calcium or iron, and had a stable body weight for ! 1 month before the start of the study. Female volunteers were not pregnant or lactating. The selected subjects were apparently healthy as evaluated by a medical history questionnaire.
Two subjects withdrew from the experiment for personal reasons. One subject did not complete the study successfully, because she was diagnosed during the study as anaemic. There were some missing values for the remaining 21 persons (10 men, 11 women) as a result of vomiting after drinking tea (n 3), dif®culties with blood sampling (n 1) or intercurrent illness (n 1).
The protocol for the study, which had been approved by our local Medical Ethical Committee, was fully explained to the volunteers and all subjects gave their written informed consent prior to participation.
Experimental design
In a cross-over design each subject received six treatments on six different days with at least two days in between each treatment. After an overnight fast, the subjects were given either 300 ml of black or green tea, 240 ml black or green tea plus 60 ml pasteurised full-fat milk, or the control treatments 300 ml mineral water or 240 ml mineral water with 60 ml pasteurised full-fat milk. The order of the treatments was randomized and balanced for sex. Blood samples were obtained prior to tea consumption and at 30, 60, 90 and 120 min after tea or water ingestion. It was anticipated that 20 volunteers would be suf®cient to detect between treatment differences of about 10 3 min.mmolaL in antioxidant activity (area under the curve) with a power of 90% and a con®dence of 95%.
For the preparation of the black and green tea beverages, 2 g of lyophilised tea solids (Lipton Research Blend, Lipton Englewood Cliffs NJ, USA) were dissolved in boiled noncarbonated mineral water (Spa Reine, Spa Monopole NV, Belgium) with or without pasteurised full fat milk. The mixtures were allowed to cool to a normal consumption temperature. The subjects were asked to ingest the liquids unsweetened within 5 min. For comparison, 0.7 g of the tea utilised is comparable to one cup of tea consumed at a volume of about 150 ml. Thus, the given dose in the present study (2 g in 300 ml) is equivalent to about three cups of tea. The amount of 60 ml is based on a standard amount of 10 ± 15% milk (Mills & Patel, 1994) .
Volunteers were instructed to maintain their habitual pattern of physical activity and eating habits during the entire study period. In addition, they were not allowed to take antioxidant supplements. On the day before a study day, subjects were requested not to consume any tea, red wine or port, or to take aspirin. Body weight and height were measured once at the beginning of the study.
Blood sampling and analyses
Fasting blood samples were taken in a seated position before and 30, 60, 90 and 120 min after liquid ingestion. Samples were collected into Na 2 EDTA tubes, centrifuged at 15006g for 10 min and stored at 7 70 C. Immediately after preparation plasma samples for vitamin C analysis were stabilised by adding 5 % metaphosphoric acid. The FRAP activity and levels of the most important contributors to the FRAP value: uric acid, vitamin C and bilirubin (Benzie & Strain (1996) ) were determined in all samples. Total catechins were analysed in a random sub-sample (green tea: n 12; black tea: n 11; water: n 3).
Plasma antioxidant activity was measured using the ferric reducing ability of plasma (FRAP)-assay as described previously by Benzie & Strain (1996) . Ferric to ferrous ion reduction at low pH in plasma forms a coloured Ferrous-2,4,6-tri(2-pyridyl)-s-triazine complex with an absorption maximum at l 593 nm. The intra-and inter-assay variation for this method were both 3.5 %. Total bilirubin was determined by a method using 2,5-dichlorophenyl diazonium salt as reagent and uric acid by an enzymatic uricase method (Boehringer, Mannheim, Germany). The intra and inter-assay variations were 2.5 % and 5.0 % for bilirubin, and 2.0 % and 6.5 % for uric acid, respectively. For the measurement of vitamin C the method of Vuilleumier & Keck (1989) was adapted for use on a Cobas FARA II analyser (Hoffman-Laroche Ltd., Switzerland). The coef®-cient of variation within and between assays were 2.0 % and 6.0 %, respectively.
Total catechins in plasma were analysed according to the method of Kivits et al (1997) . Catechins were extracted from plasma by solid phase extraction with aluminium oxide (Super I; ICN Biomedicals, Eschwege, Germany) followed by complexation of catechins with 4-(dimethyl-amino)cinnamaldehyde) (DMACA: Merck, Darmstadt, Germany) resulting in a selective coloured complex, which was measured spectrophotometrically at l 637 nm. This method also detects thea¯avins and thearubigens but their response factor is lower than that of catechins. The total response of the spectrophotometric measurement is referred to as the concentration of total catechins used in this study. The concentration of total catechins was quanti®ed using an external calibration curve of human control plasma spiked with ( ) catechin (0 ± 5 mmolaL; Sigma, St. Louis MO, USA). All samples taken from one person were analysed on the same day. The inter-assay variation was 10.8 %.
Catechin analyses in tea
The catechin composition of green and black tea was determined by a Hewlett Packard (Waldbronn, Germany) 1090 HPLC with a diode array detector. A Hypersil ODS (Hewlett Packard, Waldbronn, Germany) 5 mm 25062 mm packed by Phenomenex with a 2062 mm guard column was used. Standardised green tea and black tea extract powders were utilised as external standards. The mobile phase was 0.5 % formic acid in wateraacetonitrilea methanol with a linear gradient from start (98a2a0,vav) to 15 min (75a5a20,vav) at 20 min step gradient to (60a20a20,vav) and reset to initial at 24 min. The¯ow rate was 0.35 mlamin and the column temperature 40 C.
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Detection was performed at l 230 nm for epigallocatechin and l 274 nm for the other catechins.
Statistical methods
Deviations from normality of the distributions were checked for the variables measured. Only the distribution of the plasma concentration of total catechins was skewed and natural logarithm-transformed values for this variable were used in statistical analysis. The effects of tea, addition of milk to tea, and gender on the variables measured were evaluated by means of analysis of variance. Differences in variables measured between black tea, green tea and water were tested with the Tukey test. Contributions of uric acid, vitamin C and bilirubin to plasma FRAP activity were evaluated by analysis of covariance. Two-sided P-values were considered statistically signi®cant at P`0.05. Results are expressed as means AE standard error of the mean (s.e.m.) unless otherwise indicated. SAS statistical software package (1996) was used for all statistical analyses.
Results
The composition of the green and black tea is presented in Table 1 .
The 21 subjects (10 men, 11 women) who completed the study, ranged in age from 18 ± 65 y and their body mass indexes (BMI) were between 19.6 and 27.7 kgam 2 . No signi®cant differences were found for age and BMI between men and women. However, sex differences could be observed in FRAP values and levels of uric acid and bilirubin (Table 2) . For all these variables women had lower values (27% (P`0.001), 36% (P`0.001) and 50 % (P 0.08), respectively).
In Table 2 also the effects of tea and addition of milk to tea on the variables measured are presented for the different time points. The mean basal plasma FRAP, uric acid, vitamin C and bilirubin levels for the six different treatments did not differ signi®cantly. A signi®cant tea effect could only be demonstrated for the FRAP variable, whereas a milk effect was present for bilirubin only at time points 60 and 90 min. Plasma uric acid and bilirubin concentrations generally decreased and increased over time, respectively, but these responses were apparent in all treatments. Figure 1 illustrates the effects of black and green tea consumption without Ð (A) and with addition of milk (B) Ð on plasma FRAP activity expressed as the absolute change compared to baseline. Consumption of black tea resulted in a signi®cantly enhanced plasma FRAP activity (about 2 %) when compared with effects obtained after water consumption, reaching peak levels around 60 min after ingestion (P`0.001 for all time points). A larger increase (about 3 %) could be observed after consumption of green tea (P`0.001 for all time points). A signi®cant difference was found between the effect of green tea and that of black tea (P`0.05) with the exception of time point 30 min. The responses observed did not differ between men and women. Addition of milk to both black or green did not signi®cantly alter the responses in plasma FRAP activity. After 90 min all treatments demonstrated a signi®cant decline in plasma FRAP activity (P`0.001). Statistical evaluation revealed that changes in uric acid, vitamin C and bilirubin following a single dose of tea with and without { n 16. *** P`0.001; ** P`0.01; * P`0.05; NS not signi®cant. Tea, milk and plasma antioxidant activity R Leenen et al milk could not have caused the effects observed on increased plasma FRAP activity. Table 3 shows the overall antioxidant potential of plasma as calculated by the area under the curve of plasma FRAP activity over 2 h following beverage consumption. The area under the curve after consumption of green tea was signi®cantly greater than after drinking black tea. No signi®cant difference in the area under the curve could be found between tea with and without milk.
In Figure 2 the effects of a single dose ingestion of green and black tea on total catechin concentrations in plasma are given. Consumption of black or green tea resulted in a signi®cant increase of catechins in plasma. As anticipated from the higher catechin concentration in green tea, the rise in plasma total catechins was signi®cantly higher following consumption of green tea as compared to black tea.
Discussion
The results of the present study indicate that consumption of a single dose of tea, equivalent to three cups, resulted in a signi®cant rise in plasma antioxidant activity in vivo. The response in plasma antioxidant activity after black tea was lower than after green tea. Addition of milk to tea did not abolish the increase in plasma antioxidant activity after black and green tea consumption.
Only a limited number of studies have looked at in vivo antioxidant activity of tea¯avonoids in human. Our ®nd-ings con®rm the results of an earlier study in which it was shown that consumption of a comparable single dose of black and green tea in¯uenced antioxidant activity of plasma in humans (Sera®ni et al, 1996) . However, the magnitude of the responses observed differed substantially between the present and the previously reported study. In the study of Sera®ni et al (1996) consumption of green tea induced a maximal increase of about 40 % and black tea of about 48 %, whereas in the present study much smaller peak responses were demonstrated. This discrepancy might Figure 1 Changes in plasma FRAP activity (mmolaLAE s.e.m.) over 120 min after a single dose of water (^), black tea (*) and green tea (s) without (A) and with addition of milk (B). *P`0.001: tea vs water; P`0.05: green tea vs black tea in overall analysis (with and without milk). Figure 2 Changes in total catechin concentration in plasma (mmolaL AE s.e.m.) over 120 min after a single dose of water (^), black tea (*) and green tea (s). *P`0.001: tea vs water; P`0.001: green tea vs black tea.
Tea, milk and plasma antioxidant activity R Leenen et al be partly explained by differences in study design. In the present study 21 subjects were used in a cross-over design. In contrast, the subjects in Sera®ni's experiment (n 5 per group) did not act as their own controls. Another explanation might be the different methods used to determine the plasma antioxidant activity. Sera®ni et al (1996) used the TRAP (Total Radical trapping Ability of Plasma)-assay, which is fully manual and based on the measurement of the lag time before¯uorescence loss occurs. It has been suggested that this assay may be associated with a high degree of variability (Miller & Rice-Evans, 1996) . The FRAP method was applied in this study, which appeared to be highly reproducible and suitable to detect small increases in antioxidant activity. Recently the same FRAP method was used in a study in which signi®cant increases in plasma antioxidant capacity could be detected following the consumption of wine .
In another reported short-term study, no signi®cant effect on plasma antioxidant activity after black tea drinking could be found in 10 healthy volunteers (Maxwell & Thorpe, 1996) . Careful evaluation of these results revealed a peak response of approximately 4 % at 120 min following tea drinking. This is in accordance with our ®ndings. The lack of signi®cant change over time might be attributed to the limited power of the study (for example no control treatment was included, small number of subjects). Also small increases in plasma antioxidant activity of the same order of magnitude were observed in some long-term studies. Four weeks consumption of green tea but not black tea (6 cupsad) resulted in a 5 % signi®cant enhancement of plasma antioxidant activity in non-smokers (Van het Hof et al, 1997) . In a study with smokers, drinking the same dose of black tea for 4 weeks signi®cantly increased plasma antioxidant activity by 3 %, whereas green tea consumption did not in¯uence plasma antioxidant activity (Princen, personal communication) . Such relatively small increments are not surprising given that an increase of only 13 % of LDL total antioxidant activity could be detected following 9 weeks of daily supplementation with 300 mg dl-a-tocopherol acetate (Miller et al, 1995) .
As anticipated, the rise in plasma total catechins was signi®cantly higher after consumption of green tea when compared to black tea, because green tea contained more catechins (32 % waw) than black tea (7 % waw) ( Table 1) . The average maximum increase in plasma catechin concentration was 1.8 mmolaL and 0.34 mmolaL at 90 min after ingestion of an equivalent of 3 cups of green or black tea, respectively. Thus, the different plasma catechin levels for green and black tea 90 min after tea consumption (ratio 5.3 : 1) clearly re¯ected the concentrations in the tea drinks (ratio 4.6 : 1). The increases observed in the present study were slightly higher or comparable to those reported by other investigators taking into account the different doses of tea used (Lee et al, 1995; Van het Hof et al, 1998; Lee et al (1995) found an average calculated maximum sum of separate catechin concentrations in plasma of 0.63 mmolaL at 4 h after consumption of 1.2 g green tea solids. Differences in results could be attributed to different methods of catechin analyses used.
In the present study a greater response in plasma antioxidant activity was observed after drinking green tea in comparison with black tea. It should be noted that the increase in plasma antioxidant activity was about 1.5 times higher after drinking green tea when compared to black tea, while the rise in plasma catechins was about 5 times higher following ingestion of green tea compared to black tea. Thus, it can be speculated that other¯avonoids in black tea such as thea¯avins and thearubigins, may contribute to the antioxidant potential of black tea. The difference in time to reach peak levels of catechins and antioxidant activity in plasma observed for both tea varieties (90 min vs 60 min) may be explained by¯avonoids not measured, but present in small amounts in green and black tea. It is likely that besides catechins also these polyphenolic components in tea may attribute to the observed increases in plasma antioxidant activity of 2 ± 3 % after green and black tea consumption.
It has been suggested that addition of milk to tea, which is common practice in the United Kingdom, could explain the increased risk of death from isachemic heart disease associated with tea drinking in a Welsh population of heavy tea drinkers (Hertog et al, 1997b) . Addition of milk to tea leads to binding of tea components to milk protein (Siebert et al, 1996) and may thus prevent their uptake by the intestine. In contrast to a previous report (Sera®ni et al, 1996) a standard addition of 10 ± 15 % of milk did not in¯uence plasma antioxidant activity in the present study. This is consistent with observations in humans showing that adding milk to black tea did not in¯uence the absorption of tea catechins (Van het Hof et al, 1998) . The difference in the amount of milk added to tea might be another explanation for the discrepancy between the present study and the study of Sera®ni et al (1996) , in which an amount of 26 % milk was used. Milk has been shown to reduce the in vitro antioxidant activity of black tea, but this effect was only apparent at high ratios of milk to tea (1 : 1) when full-fat or half-skimmed milk was used . Addition of less milk or skimmed milk did not affect the in vitro antioxidant activity of black tea (Sera®ni et al, 1996; Gardner et al, 1998) . In the United Kingdom the habitual amount of milk added to tea is about 10 ± 15 % (Mills & Patel, 1994) . As milk does not abolish the increase in plasma antioxidant activity following tea drinking neither lowers the absorption of tea¯avonoids, it seems likely that another factor than milk is responsible for the lack of association between tea drinking and lower mortality of ischaemic heart disease found in the Caerphilly study (Hertog et al, 1997b) .
The present ®ndings clearly demonstrate that consumption of a single dose of green or black tea induces a signi®cant rise in plasma antioxidant activity in vivo. Addition of a standard amount of milk to tea does not seem to abolish this increase. It can be concluded that tea antioxidants are absorbed and are active as antioxidants in vivo. Whether the observed increases in plasma antioxidant activity following a single dose of tea indeed prevent in vivo oxidative damage, remains to be established.
